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SEMICONDUCTOR DEVICE, METHOD FOR
MANUFACTURING THE SAME, POWER
SUPPLY APPARATUS AND
HIGH-FREQUENCY AMPLIFICATTION UNIT

CROSS-REFERENCE TO RELATED
APPLICATION

This application is based upon and claims the benefit of
priority of the prior Japanese Patent Application No. 2011-
202038, filed on Sep. 15, 2011, the entire contents of which
are incorporated herein by reference.

FIELD

The embodiments discussed herein are related to a semi-
conductor device, a method for manufacturing the semicon-
ductor device, a power supply apparatus, and a high-fre-
quency amplification unit.

BACKGROUND

Among semiconductor devices including a compound
semiconductor multilayer structure containing a compound
semiconductor such as nitride semiconductor are, for
example, GaN high-electron mobility transistors (GaN-
HEMTsS).

GaN has excellent material properties such as high dielec-
tric strength, relatively high mobility in the case of using a
two-dimensional electron gas, and high saturated electron
drift velocity and therefore the GaN-HEMTs are under devel-
opment as power devices, enabling high-power, high-effi-
ciency, high-voltage operation, for power supply applica-
tions. In other words, the GaN-HEMTs are under
development as power devices, enabling high-power, high-
efficiency, high-voltage operation, for power supply applica-
tions because it is difficult for Si laterally diffused metal oxide
semiconductor (LDMOS) transistors and GaAs field-effect
transistors (FETs) to apply to such power devices.

In a semiconductor device including such a compound
semiconductor multilayer structure, when a surface of the
compound semiconductor multilayer structure has nitrogen
defects (dangling bonds) and a gate electrode is placed above
the compound semiconductor multilayer structure, the dan-
gling bonds act as electron traps and therefore the threshold
voltage varies.

In this case, the dangling bonds are terminated with fluo-
rine in such a manner that a surface of the compound semi-
conductor multilayer structure is subjected to fluorine termi-
nation treatment, whereby the number of the dangling bonds
is reduced and the variation of the threshold voltage is sup-
pressed.

However, when the time that a surface of a compound
semiconductor multilayer structure subjected to fluorine ter-
mination treatment is exposed to air, that is, the time elapsed
until an insulating film or a gate electrode is formed on the
surface thereof is long, the variation of the threshold voltage
is not suppressed.

Japanese Laid-open Patent Publication No. 2009-76845 is
an example of related art.

SUMMARY

According to an aspect of the invention, a semiconductor
device includes a compound semiconductor multilayer struc-
ture, a fluorine-containing barrier film that covers a surface of
the compound semiconductor multilayer structure, and a gate
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2

electrode that is arranged over the compound semiconductor
multilayer structure with the fluorine-containing barrier film
placed the gate and the compound semiconductor multilayer
structure.

The object and advantages of the invention will be realized
and attained by means of the elements and combinations
particularly pointed out in the claims.

It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory and are not restrictive of the invention,
as claimed.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic sectional view of a semiconductor
device according to a first embodiment;

FIG. 2 is aschematic sectional view of a modification of the
semiconductor device according to the first embodiment;

FIGS. 3A to 3C are schematic sectional views illustrating a
method for manufacturing the semiconductor device accord-
ing to the first embodiment;

FIG. 4 is a graph illustrating an advantage of the semicon-
ductor device according to the first embodiment;

FIG. 5is aschematic sectional view of a modification of the
semiconductor device according to the first embodiment;

FIG. 6 is a schematic view of a power supply system
according to a second embodiment; and

FIG. 7 is a schematic view of a high-frequency amplifica-
tion unit according to a third embodiment.

DESCRIPTION OF EMBODIMENTS

Hereinafter, embodiments are described with reference to
the attached drawings.

[First Embodiment]

A semiconductor device according to a first embodiment
and a method for manufacturing the semiconductor device are
described with reference to FIGS. 1 to 5.

The semiconductor device is a compound semiconductor
device including a compound semiconductor multilayer
structure containing, for example, a compound semiconduc-
tor such as a nitride semiconductor.

In this embodiment, the compound semiconductor device
is described using a FET containing a nitride semiconductor,
particularly a metal insulator semiconductor (MIS)-type of
AlGaN/GaN-HEMT, as an example. The AlGaN/GaN-
HEMT includes a nitride semiconductor multilayer structure
(HEMT structure) including an electron travel layer made of
GaN and an electron supply layer made of AlGaN and also
includes a gate insulating film.

The AlGaN/GaN-HEMT is also referred to as an AlGaN/
GaN-FET. The nitride semiconductor multilayer structure is
also referred to as a Group III-V nitride semiconductor mul-
tilayer structure, a GaN semiconductor multilayer structure,
ora compound semiconductor multilayer structure. The com-
pound semiconductor device is also referred to as a nitride
semiconductor device or a Group I1I-V nitride semiconductor
device.

With reference to FIG. 1, the AlGaN/GaN-HEMT includes
a SiC substrate 1 and a nitride semiconductor multilayer
structure 6 including a nucleation layer 2 made of AIN, an
electron travel layer 3 made of GaN, an electron supply layer
4 made of AlGaN, and a capping layer 5 made of GaN, these
layers being deposited on the SiC substrate 1 in that order. In
the nitride semiconductor multilayer structure 6, a two-di-
mensional electron gas (2DEG) is generated near the inter-
face between the electron travel layer 3 and the electron
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supply layer 4. The presence of the capping layer 5 increases
the strain between the electron travel layer 3 and the electron
supply layer 4 to cause a piezoelectric effect, thereby increas-
ing the 2DEG. This allows the AlGaN/GaN-HEMT to have
reduced on-resistance, thereby enabling large-current opera-
tion. With reference to FIG. 1, the 2DEG is indicated by a
broken line. The SiC substrate 1 is also referred to as a
substrate or a semiconductor substrate. The nucleation layer 2
is also referred to as a buffer layer. The nucleation layer 2, the
electron travel layer 3, the electron supply layer 4, and the
capping layer 5 are also referred to as Group III-V nitride
semiconductor layers.

The nitride semiconductor multilayer structure 6, which is
included the AlGaN/GaN-HEMT, is not particularly limited
and may be one including the electron travel layer 3 and the
electron supply layer 4. For example, the nucleation layer 2
and the capping layer 5 may be made of different materials
and may have a multilayer structure. The nitride semiconduc-
tor multilayer structure 6 may include no capping layer 5.

In this embodiment, the nitride semiconductor multilayer
structure 6 has a gate recess 7. The gate recess 7 contains a
gate electrode 8. The gate recess 7 is a groove having such a
depth that a portion of the electron supply layer 4 remains.
Therefore, the gate electrode 8 is located in an upper portion
of'the nitride semiconductor multilayer structure 6, that is, an
upper portion of the electron supply layer 4, which is included
in the nitride semiconductor multilayer structure 6. The gate
recess 7 may have a depth reaching the electron travel layer 3.
The gate recess 7 is also referred to as a recess opening or an
electrode groove.

The reason for the presence of the gate recess 7 is as
described below.

For power supply applications, it is important that devices
have low loss and high dielectric strength and are of a nor-
mally off type in which no current flows when the gate voltage
is off. In the A1GaN/GaN-HMT, a large number of electrons
are present in the electron travel layer 3 because of the piezo-
electric effect, which is a significant feature of the AlGaN/
GaN-HEMT. This takes a major role in achieving large-cur-
rent operation. However, when a device has a simple
structure, the device is of a normally off type because a large
number of electrons are present in an electron travel layer
disposed directly under a gate while the gate voltage is off.
Therefore, in order to raise the threshold voltage, the number
of electrons in the electron travel layer 3 is reduced in such a
manner that the gate recess 7 is formed by etching a region of
the electron supply layer 4 (or the electron supply layer 4 and
the electron travel layer 3) that is used to form the gate
electrode 8.

In this embodiment, the AlGaN/GaN-HMT includes a
fluorine-containing barrier film 9 covering a surface of the
nitride semiconductor multilayer structure 6. In particular, the
fluorine-containing barrier film 9 is placed over a whole sur-
face of the nitride semiconductor multilayer structure 6 thatis
located on the gate electrode 8 side. That is, the fluorine-
containing barrier film 9 is placed over surfaces of the elec-
tron supply layer 4 that are exposed at the wall and bottom of
the gate recess 7, surfaces of the capping layer 5 that are
exposed at the wall and bottom of the gate recess 7, and a
surface of the capping layer S that is exposed on the gate
electrode 8 side. Therefore, the gate clectrode 8 is placed
above the nitride semiconductor multilayer structure 6 with
the fluorine-containing barrier film 9 placed therebetween.

The fluorine-containing barrier film 9 may be placed over
only the surface of the nitride semiconductor multilayer
structure 6 (herein, the electron supply layer 4) that is exposed
at the bottom of the gate recess 7 as illustrated in FIG. 2. That
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is, the fluorine-containing barrier film 9 may be placed over at
least the surface of the nitride semiconductor multilayer
structure 6 (herein, the electron supply layer 4) thatis exposed
at the bottom of the gate recess 7.

The fluorine-containing barrier film 9 is one having a bar-
rier effect against moisture. The fluorine-containing barrier
film 9 is preferably one having a high barrier effect against
moisture, that is, one having high hydrophobicity. The fluo-
rine-containing barrier film 9 can be defined as a film made of
a compound (low-polarity molecules) of fluorine with an
element, the difference in electro-negativity between fluorine
and the element being less than about 2.0.

Herein, the fluorine-containing barrier film 9 is a fluoro-
carbon film (CF film). The fluorine-containing barrier film 9
may be any one selected from the group consisting of fluo-
rocarbon films, boron fluoride films, films having a side-chain
containing fluorocarbon, films having a side-chain containing
boron fluoride, films having a side-chain containing oxygen
fluoride, and films having a side-chain containing nitrogen
fluoride. In particular, the fluorine-containing barrier film 9
may be any one selected from the group consisting of a CFx
film, a BFx film, an M-CFx film having a side-chain contain-
ing CFx, an M-BFx film having a side-chain containing BFx,
an M-OFx film having a side-chain containing OFx, and an
M-NFx film having a side-chain containing NFx, wherein x is
1 to 4 and M is a metal or semiconductor element. The
fluorine-containing barrier film 9 is one satisfying the above
definition.

The reason for the presence of the fluorine-containing bar-
rier film 9 is as described below.

The following layer is formed on a surface of a GaN layer
and/or AlGaN layer that is etched in order to form a gate
recess as described above: an altered layer containing a car-
bonaceous residue derived from a resist; a halogen element,
such as fluorine or chlorine, generated from an etching gas;
and an oxide. The altered layer lacks nitrogen. In other words,
the altered layer has nitrogen defects, that is, dangling bonds.

Inthe case where an insulating film is formed over a surface
of a nitride semiconductor multilayer structure having such
an altered layer, an altered layer of GaN or AlGaN at the
interface between the insulating film and a semiconductor
and dangling bonds present on the surface of GaN or AlGaN
act as electron traps and therefore the threshold voltage var-
ies. In this case, the dangling bonds are terminated with
fluorine in such a manner that residue present on a surface of
the nitride semiconductor multilayer structure that is located
in a gate recess and the altered layer are removed and fluorine
termination treatment is performed, whereby the number of
the dangling bonds is reduced and the variation of the thresh-
old voltage is suppressed. However, when the time that a
surface of the compound semiconductor multilayer structure
subjected to fluorine termination treatment is exposed to air,
that is, the time elapsed until the insulating film is formed on
the surface thereof is long, the variation of the threshold
voltage is not suppressed. The analysis of causes thereof has
suggested that Al—F bonds and Ga—F bonds produced by
fluorine termination treatment react with moisture in air and
therefore fluorine is liberated.

Therefore, in this embodiment, a surface of the nitride
semiconductor multilayer structure 6 is covered with the fluo-
rine-containing barrier film 9 as illustrated in FIG. 1 such that
dangling bonds present on a surface of the nitride semicon-
ductor multilayer structure 6 are terminated with fluorine and
thereby the variation of the threshold voltage is suppressed
even though the elapsed time is long. That is, the fluorine-
containing barrier film 9 is placed on at least a surface of the
nitride semiconductor multilayer structure 6 that is located in
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the gate recess 7 (see F1G. 2), whereby the dangling bonds are
terminated with fluorine and the contact of Al-F bonds and
Ga-F bonds with moisture in air is suppressed. This allows a
device which has high reliability without being affected by
the elapsed time to be achieved.

In this embodiment, an insulating film 10 is placed on the
fluorine-containing barrier film 9. That is, the insulating film
10 is placed above the nitride semiconductor multilayer struc-
ture 6 with the fluorine-containing barrier film 9 placed there-
between. In particular, the insulating film 10 is placed over a
whole surface of the fluorine-containing barrier film 9. The
gateelectrode 8 is placed on the insulating film 10. That is, the
gate electrode 8 is placed above the nitride semiconductor
multilayer structure 6 with the fluorine-containing barrier
film 9 and insulating film 10 placed there-between. A portion
of the insulating film 10 that is disposed between the nitride
semiconductor multilayer structure 6 and the gate electrode 8
functions as a gate insulating film and another portion thereof
functions as a surface protective film.

When the fluorine-containing barrier film 9 is placed over
only the surface of the nitride semiconductor multilayer
structure 6 that is exposed at the bottom of the gate recess 7
(see FIG. 2), the insulating film 10 is placed over a whole
surface of the fluorine-containing barrier film 9 and a whole
surface of the nitride semiconductor multilayer structure 6
that is located on the gate electrode 8 side. The whole surface
of the nitride semiconductor multilayer structure 6 that is
located on the gate electrode 8 side includes the surface of the
electron supply layer 4 that is exposed at the wall of the gate
recess 7, the surface of the capping layer 5 that is exposed at
the wall of the gate recess 7, and the surface of the capping
layer 5 that is exposed on the gate electrode 8 side.

The insulating film 10 is an aluminum oxide film. The
following materials can be used to form the insulating film 10
in addition to aluminum oxide: for example, hafnhium oxide,
silicon oxide, aluminum nitride, hafnium nitride, silicon
nitride, and the like, That is, the insulating film 10 may be one
containing an oxide, nitride, or oxy-nitride of at least one
selected from the group consisting of aluminum, hafnium,
tantalum, zirconium, and silicon. The insulating film 10 may
have a single layer structure or a multilayer structure having
two or more layers formed by depositing two or more of these
materials.

A source electrode 11 and a drain electrode 12 are arranged
on both sides of the gate electrode 8. That is, the source
electrode 11 and the drain electrode 12 are spaced from each
other with the gate electrode 8 placed there-between. In this
embodiment, the nitride semiconductor multilayer structure 6
has a source electrode groove 13 and a drain electrode groove
14 and the source electrode 11 and the drain electrode 12 are
placed in the source electrode groove 13 and the drain elec-
trode groove 14, respectively. The source electrode groove 13
and the drain electrode groove 14 have a depth reaching the
electron travel layer 3. Therefore, the source electrode 11 and
the drain electrode 12 are in contact with the electron travel
layer 3. In other words, the source electrode 11 and the drain
electrode 12 are placed on the nitride semiconductor multi-
layer structure 6, that is, on the electron travel layer 3, which
is included in the nitride semiconductor multilayer structure
6. Each of the source electrode groove 13 and the drain
electrode groove 14 is also referred to as an electrode groove
or a recessed portion.

A method for manufacturing the semiconductor device
(MIS-type AlGaN/GaN-HEMI) according to this embodi-
ment is described below with reference to FIGS. 3A to 3C.

Asillustrated in FIG. 3A, AIN, GaN, AlGaN, and GaN are
deposited on the SiC substrate 1 in that order by, for example,
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metal-organic vapor phase epitaxy (MOVPE). For example,
AIN;, i-GaN, i-AlGaN, n-AlGaN, and n-GaN are deposited on
the SiC substrate 1, which is semi-insulating, in that order.
This allows the nitride semiconductor multilayer structure 6,
in which the nucleation layer 2, the electron travel layer 3, the
electron supply layer 4, and the capping layer 5 are deposited
on the SiC substrate 1 in that order, to be formed. Molecular
beam epitaxy (MBE) or the like may be used instead of
MOVPE.

A mixture of a tri-methyl aluminum gas, tri-methyl gallium
gas, and ammonia gas which are source gases may be used to
grow the nucleation layer 2, the electron travel layer 3, the
electron supply layer 4, and the capping layer 5. The supply
and flow rate of each ofthe tri-methyl aluminum gas, which is
a source of Al, and the tri-methyl gallium gas, which is a
source of Ga, may be appropriately controlled depending on
the growth of the nucleation layer 2, the electron travel layer
3, the electron supply layer 4, and the capping layer 5. The
flow rate of the ammonia gas, which is a common source gas,
may be about 100 ccm to 10 LM. The growth pressure may be
about 6,666 Pa to 39,996 Pa (about 50 Torr to 300 Torr). The
growth temperature may be about 1,000° C. to 1,200° C. In
order to grow AlGaN and GaN into an n-type, GaN and
AlGaN may be doped with Si in such a manner that, for
example, a SiH, gas containing Si, which is an n-type impu-
rity, is added to the source gases at a predetermined flow rate.
In this case, the doping concentration of Si is about 1x10"®
cm™ to 1x10%° cm~ and may be, for example, about 5x10'*
cm™>. The nucleation layer 2 may have a thickness of about
0.1 pm. The electron travel layer 3 may have a thickness of
about 3 um. The electron supply layer 4 includes an i-AlGaN
sub-layer which may have a thickness of about 5 nm and an
n-AlGaN sub-layer which may have a thickness of about 20
nm. The capping layer 5 may have a thickness of about 10 nm.
The proportion of Al in the electron supply layer 4 may be, for
example, about 0.2 to 0.3.

After an isolation region, which is not illustrated, is
formed, the source electrode 11 and the drain electrode 12 are
formed as illustrated in FIG. 3B.

In particular, the source electrode groove 13 and the drain
electrode groove 14 are formed in a source electrode forma-
tion-planned region and drain electrode formation-planned
region, respectively, of the nitride semiconductor multilayer
structure 6. That is, portions of the capping layer 5, electron
supply layer 4, and electron travel layer 3 are removed by, for
example, lithography and dry etching using a chlorine-based
gas or the like, the portions being included in the source
electrode and drain electrode formation-planned regions,
whereby the source electrode groove 13 and the drain elec-
trode groove 14 are formed. As described above, the source
electrode groove 13 and the drain electrode groove 14 are
formed so as to extend through the capping layer 5 and the
electron supply layer 4 to a predetermined depth in the elec-
tron travel layer 3.

Dry etching conditions are as described below. An etching
gas used is, for example, a chlorine-based gas such as Cl,. The
flow rate of the etching gas is about 30 sccm and the pressure
thereof is about 2 Pa. The input RF power may be about 20 W.
The etching depth may be set such that the source electrode
groove 13 and the drain electrode groove 14 are formed so as
to reach a predetermined depth in the electron travel layer 3.

For example, Ta/Al is used as a material for forming the
source electrode 11 and the drain electrode 12 and is filled in
the source electrode groove 13 and the drain electrode groove
14 by, for example, a vapor deposition process and a lift-off
process, whereby Ta/Al is deposited such that upper portions
thereof protrude from the source electrode groove 13 and the
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drain electrode groove 14. Herein, the thickness of Ti may be
about 20 nm and the thickness of Al may be about 200 nm.
Thereafter, annealing is performed at a temperature of about
550° C. in, for example, a nitrogen atmosphere, whereby
Ta/Al is caused to make ohmic contact with the electron travel
layer 3. This allows the source electrode 11 and the drain
electrode 12 to be formed as a pair of ohmic electrodes.

As illustrated in FIG. 3C, the gate recess 7 is formed in a
gate electrode formation-planned region of the nitride semi-
conductor multilayer structure 6. In particular, a portion of the
capping layer 5 and a portion of the electron supply layer 4 are
removed by, for example, lithography and dry etching using a
chlorine-based gas or the like, these portions being included
in the gate electrode formation-planned region, whereby the
gate recess 7 is formed. As described above, the gate recess 7
is formed in the form of a groove which extends through the
capping layer 5 and which has such a thickness that a portion
of'the electron supply layer 4 remains. The gate recess 7 is not
limited to such a groove. The gate recess 7 may be a groove
that is formed by partly removing, for example, the capping
layer 5, the electron supply layer 4, and the electron travel
layer 3 so as to have such a thickness that a portion of the
electron travel layer 3 remains.

Dry etching conditions are as described below. An etching
gas used may be, for example, a fluorine-based gas such as
CF,, CHF;,C,F, CF,l, or SF4 orachlorine-based gas such as
Cl,. The thickness of a remaining portion of the electron
supply layer 4 is about 0 nm to 20 nm and may be, for
example, about 1 nm.

Since the gate recess 7 is formed by dry etching as
described above, residue adheres to the bottom and wall of the
gate recess 7, that is, surfaces (herein a surface of the capping
layer 5 and a surface of the electron supply layer 4) of the
nitride semiconductor multilayer structure 6 that are exposed
in the gate recess 7 and an altered layer having dangling bonds
is formed.

Therefore, in order to remove the residue in the gate recess
7 and the altered layer, chemical solution treatment (wet
etching) is performed. The residue in the gate recess 7 and the
altered layer are removed by chemical solution treatment
using, for example, a sulfuric acid-hydrogen peroxide mix-
ture and hydrofluoric acid (HF), respectively. The hydrofluo-
ric acid used may be diluted to a concentration of, for
example, about 0.01% to 50%. The bottom and wall of the
gate recess 7, which is disposed in the nitride semiconductor
multilayer structure 6, are cleaned by such chemical solution
treatment. The residue on the bottom of the gate recess 7 and
the altered layer may be removed by subjecting the bottom of
the gate recess 7 to chemical solution treatment. I[f none of the
residue and the altered layer is formed in a step of forming the
gate recess 7, a step of performing chemical solution treat-
ment is not performed.

A surface of the nitride semiconductor multilayer structure
6 free from the residue and the altered layer has dangling
bonds. Even though chemical solution treatment is performed
as described above, a portion of the altered layer may possibly
remain. In this case, this surface of the nitride semiconductor
multilayer structure 6 has the altered layer portion, which has
the dangling bonds. If chemical solution treatment for remov-
ing the altered layer is not performed, then the altered layer
remains. In this case, the surface of the nitride semiconductor
multilayer structure 6 has the altered layer having the dan-
gling bonds.

Therefore, in order to terminate the dangling bonds with
fluorine and in order to suppress the contact of Al-F bonds and
Ga-F bonds with moisture in air, the fluorine-containing bar-
rier film 9 is formed over the surface of the nitride semicon-
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8

ductor multilayer structure 6 that has the dangling bonds.
That is, the fluorine-containing barrier film 9 is formed over
the surfaces of the electron supply layer 4 that are exposed at
the wall and bottom of the gate recess 7, the surfaces of the
capping layer 5 that are exposed at the wall and bottom of the
gate recess 7, and the surface of the capping layer 5 that is
exposed on the side where the gate electrode 8 is placed.

The fluorine-containing barrier film 9 may be formed over
at least a surface of the nitride semiconductor multilayer
structure 6 (herein, the electron supply layer 4) thatis exposed
at the bottom of the gate recess 7 (see FIG. 2).

Herein, the fluorine-containing barrier film 9 is a fluoro-
carbon film (CF film) formed over a whole surface of the
nitride semiconductor multilayer structure 6 by, for example,
achemical vapor deposition (CVD) process. The thickness of
the fluorine-containing barrier film 9 may be, for example,
about 1 nm to 10 nm and is herein about 5 nm. The fluorine-
containing barrier film 9 may be any one selected from the
group consisting of fluorocarbon films, boron fluoride films,
films having a side-chain containing fluorocarbon, films hav-
ing a side-chain containing boron fluoride, films having a
side-chain containing oxygen fluoride, and films having a
side-chain containing nitrogen fluoride. In particular, the
fluorine-containing barrier film 9 may be any one selected
from the group consisting of a CFx film, a BFx film, an
M-CFx film having a side-chain containing CFx, an M-BFx
film having a side-chain containing BFx, an M-OFx film
having a side-chain containing OFx, and an M-NFx film
having a side-chain containing NFx, wherein x is 1 to 4 and M
is a metal or semiconductor element.

Next, the insulating film 10 (gate insulating film) is formed
on the fluorine-containing barrier film 9. That is, the insulat-
ing film 10 is formed above the nitride semiconductor multi-
layer structure 6 with the fluorine-containing barrier film 9
placed there-between. In particular, the insulating film 10 is
formed over a whole surface of the fluorine-containing barrier
film 9. In other words, the insulating film 10 is formed on the
fluorine-containing barrier film 9 so as to cover a whole
surface of the nitride semiconductor multilayer structure 6
that is located on the side where the gate electrode 8 is placed,
that is, the surfaces of the electron supply layer 4 that are
exposed at the wall and bottom of the gate recess 7, the
surfaces of the capping layer 5 that are exposed at the wall and
bottom of the gate recess 7, and the surface of the capping
layer 5 that is exposed on the side where the gate electrode 8
is placed.

When the fluorine-containing barrier film 9 is placed over
only the surface of the nitride semiconductor multilayer
structure 6 that is exposed at the bottom of the gate recess 7
(see FIG. 2), the insulating film 10 is formed over a whole
surface of the fluorine-containing barrier film 9 and a whole
surface of the nitride semiconductor multilayer structure 6
that is located on the side where the gate electrode 8 is placed.
The whole surface of the nitride semiconductor multilayer
structure 6 that is located on the side where the gate electrode
8 is placed includes the surface of the electron supply layer 4
that is exposed at the wall of the gate recess 7, the surface of
the capping layer 5 that is exposed at the wall of the gate
recess 7, and the surface of the capping layer 5 that is exposed
on the side where the gate electrode 8 is placed.

The insulating film 10 is an aluminum oxide film and is
formed over a whole surface of the fluorine-containing barrier
film 9 by, for example, an atomic layer deposition (ALD)
process. The thickness of the insulating film 10 may be, for
example, about 5 nm to 100 nm and is herein about 40 nm.
The insulating film 10 may be one containing an oxide,
nitride, or oxy-nitride of at least one selected from the group



US 9,165,851 B2

9

consisting of aluminum, hafhium, tantalum, zirconium, and
silicon. The insulating film 10 may have a single layer struc-
ture or a multilayer structure having two or more layers. The
insulating film 10 may be formed by CVD or the like instead
of the ALD process.

Next, the gate electrode 8 is formed on a portion of the
insulating film 10 that is disposed in the gate recess 7. In other
words, the gate electrode 8 is formed above the nitride semi-
conductor multilayer structure 6, that is, in the gate recess 7
formed in the nitride semiconductor multilayer structure 6
with the fluorine-containing barrier film 9 and insulating film
10 placed there-between.

In particular, a lower resist (for example, PMGI™ avail-
able from Microchem Corp., USA) and then an upper resist
(for example, PF132-A8™ available from Sumitomo Chemi-
cal Co., Ltd.) are applied to the insulating film 10 by, for
example, a spin coating process. An opening with a diameter
of, for example, about 0.8 um is formed in a portion of the
upper resist that is located above the gate recess 7 by ultra-
violet exposure. The lower resist is wet-etched with an alkali
developer using the upper resist as a mask. Gate metals (a
layer of Ni with a thickness of about 10 nm and a layer of Al
with a thickness of about 300 nm) are vapor-deposited over a
surface including the opening formed in the lower resist and
the upper resist and the gate recess 7 using the lower resist and
the upper resist as a mask. Thereafter, the lower resist, the
upper resist, the gate metals on the upper resist are removed
by lift-off using a heated organic solvent. The gate electrode
8 is formed as described above. The gate electrode 8 fills the
gate recess 7 with the fluorine-containing barrier film 9 and
the insulating film 10 placed there-between, partly protrudes
upward, and is made of Ni/Au.

Thereafter, the semiconductor device (MIS-type AlGaN/
GaN-HEMT) is completed through a step of forming a pro-
tective film, a step of forming a contact hole, a step of forming
a wiring line, and the like, which are not illustrated.

Thus, according to the semiconductor device and the
method for manufacturing the same according to this embodi-
ment, there is an advantage that dangling bonds on a surface
of the nitride semiconductor multilayer structure 6 can be
kept terminated with fluorine even if the elapsed time is long,
the variation of the threshold voltage can be suppressed, and
increased reliability can be achieved.

FIG. 4 illustrates results obtained by measuring the varia-
tion of the threshold voltage in such a way that the time
elapsed until fluorine termination treatment or between the
formation of a fluorine-containing barrier film and the forma-
tion of an insulating film. In FIG. 4, Solid Line A indicates
measurement results obtained in the case of forming the fluo-
rine-containing barrier film 9 as described in this embodiment
and Solid Line B indicates measurement results obtained in
the case of performing fluorine termination treatment without
forming any fluorine-containing barrier film in a comparative
example.

As indicated by Solid Line B in FIG. 4, the variation of the
threshold voltage increases with the increase of the elapsed
time. In contrast, as indicated by Solid Line A in FIG. 4, the
variation of the threshold voltage does not vary regardless of
the elapsed time in the case of forming the fluorine-contain-
ing barrier film 9 as described in this embodiment. It has been
confirmed that the liberation of fluorine due to placement in
air is suppressed by forming the fluorine-containing barrier
film 9 as described in this embodiment and a high-reliability
device can be achieved independently of the elapsed time.

In this embodiment, the semiconductor device is described
using the AlGaN/GaN-HEMI, which includes the electron
travel layer 3 containing AlGaN and the electron supply layer
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4 containing AlGaN, as an example. This embodiment is not
limited to the Al1GaN/GaN-HMT. This embodiment is appli-
cable to, for example, an InAIN/GaN-HEMT including an
electron travel layer containing GaN and an electron supply
layer containing InAIN or an InAlGaN/GaN-HEMT includ-
ing an electron travel layer containing GaN and an electron
supply layer containing InAlGaN.

In this embodiment, the semiconductor device is described
using the AlGaN/GaN-HEMT, which has the gate recess 7, as
an example. This embodiment is not limited to the AlGaN/
GaN-HEMT. This embodiment is applicable to a HEMT hav-
ing no gate recess as illustrated in FIG. 5.

In the case of the HEMT having no gate recess, etching for
forming a gate recess is not performed and therefore any
altered layer having dangling bonds is not formed on a surface
of'a GaN layer or an AlGaN layer by etching for forming a
gate recess. However, even though such an altered layer is not
formed, dangling bonds are present on a surface of a nitride
semiconductor multilayer structure. In the case of forming a
gate electrode above the nitride semiconductor multilayer
structure, the dangling bonds act as electron traps and there-
fore the threshold voltage varies. In this case, the dangling
bonds are terminated with fluorine by subjecting a surface of
the nitride semiconductor multilayer structure to fluorine ter-
mination treatment, whereby the number of the dangling
bonds is reduced and the variation of the threshold voltage is
suppressed. However, when the time that a surface of the
compound semiconductor multilayer structure subjected to
fluorine termination treatment is exposed to air, that is, the
time elapsed until an insulating film is formed on the surface
thereof is long, the variation of the threshold voltage is not
suppressed. Therefore, in the HEMT having not gate recess, a
surface of the nitride semiconductor multilayer structure 6 is
covered with the fluorine-containing barrier film 9, whereby
the dangling bonds on the surface of the compound semicon-
ductor multilayer structure 6 are kept terminated with fluorine
even if the elapsed time is long, the variation of the threshold
voltage is suppressed, and increased reliability can be
achieved. Inthis embodiment, the whole surface of the nitride
semiconductor multilayer structure 6 that is located on the
gate electrode 8 side is covered with the fluorine-containing
barrier film 9 as exemplified above. This embodiment is not
limited to such a configuration. At least a surface of the nitride
semiconductor multilayer structure 6 that is exposed directly
under the gate electrode 8 may be covered with the fluorine-
containing barrier film 9.

In order to manufacture the HEMT having no gate recess,
in the method according to this embodiment (see FIGS. 3A to
3C), after the source electrode 11 and the drain electrode 12
are formed, a step of forming the fluorine-containing barrier
film 9, a step of forming the insulating film 10, and a step of
forming the gate electrode 8 may be performed without per-
forming a step of forming the gate recess 7. Actually, before
the step of forming the fluorine-containing barrier film 9 is
performed, a surface is preferably cleaned with, for example,
a sulfuric acid-hydrogen peroxide mixture and hydrofluoric
acid for the purpose of removing residue and native oxides
due to etching for forming the source electrode 11 and the
drain electrode 12.

In this embodiment and the modification, the semiconduc-
tor device is described using the MIS-type HEMT, which
includes the insulating film 10 disposed between the nitride
semiconductor multilayer structure 6 and the gate electrode 8,
as an example. This embodiment and the modification are not
limited to the MIS-type HEMT. This embodiment is appli-
cable to, for example, a Schottky-type HEMT including no
insulating film disposed between a nitride semiconductor
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multilayer structure and a gate electrode. In this case, the
elapsed time is the time elapsed until a gate electrode is
formed on a surface subjected to fluorine termination treat-
ment.

[Second Embodiment]

A power supply system according to a second embodiment
is described below with reference to FIG. 6.

The power supply system according to this embodiment
includes the semiconductor device (HEMT) according to
either of the first embodiment and the modification.

With reference to FIG. 6, the power supply system includes
a high-voltage primary circuit (high-voltage circuit) 21, a
low-voltage secondary circuit (low-voltage circuit) 22, and a
transformer (voltage inverter) 23.

The primary circuit 21 includes an alternating-current
power supply 24, a so-called bridge rectifier circuit 25, and a
plurality of switching elements 26a, 265, 26¢, and 26d
(herein, the number thereof is four). The bridge rectifier cir-
cuit 25 includes a switching element 26e.

The secondary circuit 22 includes a plurality of switching
elements 27a, 27b, and 27¢ (herein, the number thereof is
three).

In this embodiment, the switching elements 26a, 265, 26¢,
26d, and 26¢ of the primary circuit 21 correspond to the
semiconductor device (HEMT) according to either of the first
embodiment and the modification. The switching elements
27a, 27b, and 27¢ of the secondary circuit 22 are common
MIS-FETs containing silicon.

Thus, there is an advantage that the power supply system
according to this embodiment can achieve high reliability
because the semiconductor device (HEMT) according to
either of the first embodiment and the modification is used in
the primary circuit 21.

[Third Embodiment]

A high-frequency amplification unit according to a third
embodiment is described below with reference to FIG. 7.

The high-frequency amplification unit according to this
embodiment includes the semiconductor device (HEMT)
according to either of the first embodiment and the modifica-
tion.

With reference to FIG. 7, the high-frequency amplification
unit includes a digital pre-distortion circuit 31, mixers 32a
and 325, and a power amplifier 33. The power amplifier 33 is
also simply referred to as an amplifier.

The digital pre-distortion circuit 31 compensates for the
nonlinear distortion of an input signal.

The mixers 32a and 326 mix an alternating-current signal
with the input signal of which the nonlinear distortion is
compensated for.

The power amplifier 33 amplifies the input signal mixed
with the alternating-current signal and includes the semicon-
ductor device (HEMT) according to either of the first embodi-
ment and the modification.

With reference to FIG. 7, an output signal can be mixed
with the alternating-current signal by the mixer 324 and can
be transmitted to the digital pre-distortion circuit 31 by
switching.

Thus, there is an advantage that the high-frequency ampli-
fication unit according to this embodiment can achieve high
reliability because the semiconductor device (HEMT)
according to either of the first embodiment and the modifica-
tion is used in the power amplifier 33.

All examples and conditional language recited herein are
intended for pedagogical purposes to aid the reader in under-
standing the invention and the concepts contributed by the
inventor to furthering the art, and are to be construed as being
without limitation to such specifically recited examples and
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conditions, nor does the organization of such examples in the
specification relate to a showing of the superiority and infe-
riority of the invention. Although the embodiments of the
present invention have been described in detail, it should be
understood that the various changes, substitutions, and alter-
ations could be made hereto without departing from the spirit
and scope of the invention.

What is claimed is:

1. A semiconductor device comprising:

a compound semiconductor multilayer structure;

a fluorine-containing barrier film that covers a surface of
the compound semiconductor multilayer structure;

an insulating film placed on the fluorine-containing barrier
film; and

a gate electrode that is arranged over the compound semi-
conductor multilayer structure and placed on the insu-
lating film with the fluorine-containing barrier film
placed between the gate and the compound semiconduc-
tor multilayer structure,

wherein the fluorine-containing barrier film is any one
selected from the group consisting of fluorocarbon
films, boron fluoride films, films having a side-chain
containing fluorocarbon, films having a side-chain con-
taining boron fluoride, films having a side-chain con-
taining oxygen fluoride, and films having a side-chain
containing nitrogen fluoride.

2. The semiconductor device according to claim 1,

wherein a nitride semiconductor multilayer structure
includes a gate recess and the fluorine-containing barrier
film covers at least a surface of the nitride semiconductor
multilayer structure that is exposed at the bottom of the
gate recess.

3. The semiconductor device according to claim 1,

wherein the fluorine-containing barrier film covers a whole
surface of the nitride semiconductor multilayer structure
that is located on the gate electrode side.

4. The semiconductor of claim 1,

wherein the insulating film contains an oxide, nitride, or
oxy-nitride of at least one selected from the group con-
sisting of aluminum, hafnium, tantalum, zirconium, and
silicon.

5. A method for manufacturing a semiconductor device,

comprising:

forming a nitride semiconductor multilayer structure;

forming a fluorine-containing barrier film over a surface of
the nitride semiconductor multilayer structure;

forming an insulating film placed on the fluorine-contain-
ing barrier film; and

forming a gate electrode above the nitride semiconductor
multilayer structure and placing it on the insulating film
such that the fluorine-containing barrier film is located
between the gate and the compound semiconductor mul-
tilayer structure,

wherein in the forming of the fluorine-containing barrier
film, any one selected from the group consisting of fluo-
rocarbon films, boron fluoride films, films having a side-
chain containing fluorocarbon, films having a side-chain
containing boron fluoride, films having a side-chain con-
taining oxygen fluoride, and films having a side-chain
containing nitrogen fluoride is formed.

6. The method according to claim 5, further comprising:

forming a gate recess in the nitride semiconductor multi-
layer structure prior to the forming of the fluorine-con-
taining barrier film,

wherein in the forming of the fluorine-containing barrier
film, the fluorine-containing barrier film is formed over
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at least a surface of the nitride semiconductor multilayer
structure that is exposed at the bottom of the gate recess.

7. The method according to claim 6, further comprising:

subjecting at least the bottom of the gate recess to chemical
solution treatment subsequently to the forming of the
gate recess and prior to the forming of the fluorine-
containing barrier film.

8. The method according to claim 5,

wherein in the forming of the fluorine-containing barrier
film, the fluorine-containing barrier film is formed over
a whole surface of the nitride semiconductor multilayer
structure located on the side where the gate electrode is
arranged.

9. The method according to claim 5, further comprising:

forming an insulating film on the fluorine-containing bar-
rier film subsequently to the forming of the fluorine-
containing barrier film,

wherein in the forming of the gate electrode, the gate elec-
trode is formed on the insulating film.

10. The method according to claim 9,

wherein in the forming ofthe insulating film, the insulating
film is formed so as to contain an oxide, nitride, or
oxy-nitride of at least one selected from the group con-
sisting of aluminum, hafnium, tantalum, zirconium, and
silicon.
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11. A power supply system comprising:

a transformer;

a high-voltage circuit; and

a low-voltage circuit,

wherein the transformer is placed between the high-volt-
age circuit and the low-voltage circuit, the high-voltage
circuit includes a transistor, the transistor including a
compound semiconductor multilayer structure, a fluo-
rine-containing barrier film that covers a surface of the
compound semiconductor multilayer structure, an insu-
lating film placed on the fluorine-containing barrier film,
and a gate electrode placed over the compound semicon-
ductor multilayer structure and placed on the insulating
film with the fluorine-containing barrier film placed
between the gate and the compound semiconductor mul-
tilayer structure, and

wherein the fluorine-containing barrier film is any one
selected from the group consisting of fluorocarbon
films, boron fluoride films, films having a side-chain
containing fluorocarbon, films having a side-chain con-
taining boron fluoride, films having a side-chain con-
taining oxygen fluoride, and films having a side-chain
containing nitrogen fluoride.
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